to the region of a different function, which smallereffect substitutions then fine-tune (24, 25) ; permissive substitutions of small immediate effect, however, precede this process. The intrinsic difficulty of identifying mutations of small effect creates an ascertainment bias in favor of large-effect mutations; the ancestral structures allowed us isolate key combinations of small-effect substitutions from a large set of historical possibilities.
A second contentious issue is whether epistasis makes evolutionary histories contingent on chance events (26, 27) . We found several examples of strong epistasis, where substitutions that have very weak effects in isolation are required for the protein to tolerate subsequent mutations that yield a new function. Such permissive mutations create "ridges" connecting functional sequence combinations and narrow the range of selectively accessible pathways, making evolution more predictable (28) . Whether a ridge is followed, however, may not be a deterministic outcome. If there are few potentially permissive substitutions and these are nearly neutral, then whether they will occur is largely a matter of chance. If the historical "tape of life" could be played again (29) , the required permissive changes might not happen, and a ridge leading to a new function could become an evolutionary road not taken.
Our results provide insights into the structural mechanisms of epistasis and the historical evolution of new functions. GR's functional specificity evolved by substitutions that destabilized the receptor structure with all hormones but compensated with novel interactions specific to the new ligand. Compensatory mutations have been thought to occur when a second substitution restores a lost molecular interaction (30) . Our findings support this notion, but in a reversed order: Permissive substitutions stabilized specific structural elements, allowing them to tolerate later destabilizing mutations that conferred a new function (9, 10, 31) . We also observed a more striking mechanism: conformational epistasis, by which one substitution repositions another residue in three-dimensional space and changes the effects of mutations at that site. It is well known that mutations may have nonadditive effects on protein stability (32) , and fitness (9, 33), but we are aware of few cases (11, 34) specifically documenting new functions or epistasis via conformational remodeling. This may be due to the lack of ancestral structures, which allow evolutionary shifts in the position of specific residues to be determined. Conformational epistasis may be an important theme in structural evolution, playing a role in many cases where new gene functions evolve via novel molecular interactions. Position-Specific Iterated (PSI)-BLAST searches (10, 11) using the sequence of MACPF domains identify >500 proteins with significant expect scores. In addition to proteins involved in invasion and defense (12, 13) , family members include nonlytic proteins such as Astrotactin (14) (neural migration) and Drosophila Torso-like protein (15) (embryonic development). Functionally uncharacterized MACPF proteins are also evident in pathogenic bacteria such as Chlamydia spp. (11) and Photorhabdus luminescens ( fig. S2 ). The MACPF family shares 15 to 20% sequence identity within the MACPF domain, and all members include the signature motif Y/W-G-T/S-H-F/Y-X 6 -GG, where X is any amino acid (11, 16) (fig. S2 ).
We targeted MACPF proteins for structural studies (17) . Only one of these proteins, Plu-MACPF from P. luminescens, expressed solubly and yielded crystals (table  S1) . Although Plu-MACPF binds to the surface of insect cells ( fig. S3) , it is nonlytic under a range of conditions (see supporting online material data). However, the structure of its MACPF domain was expected to provide broad insight into the structure and mechanism of function of the MACPF superfamily.
The 2.0 Å crystal structure of Plu-MACPF shows that the 507 residues are divided into an N-terminal MACPF domain and a C-terminal bprism type I domain (Fig. 1A and fig. S4A ). The MACPF domain is a flat box-shaped molecule, featuring a~50 Å four-stranded antiparallel b sheet (the B sheet) that contains a~90°twist at strands s4B and s4′B. Two small clusters of a helices [cluster of helices-1 (CH1) and CH2] are packed on each side of the base of the B sheet and form much of the bottom half of the domain (Fig.  1A) . The top of the MACPF domain comprises the two-stranded A sheet, the C sheet, and four short a helices (B and F to H). The b-prism domain is underneath CH1 and CH2 and comprises three antiparallel b sheets approximately related by a threefold axis. The b-prism fold is associated with membrane interaction (18); however, sequence searching revealed that it is not found in other members of the MACPF superfamily.
Structural characteristics of the MACPF domain, such as its flattened shape and twisted L-shaped central b sheet, bear a striking resemblance to the cholesteroldependent cytolysin (CDC) family of toxins (19) . Superpositions and topology diagrams ( Fig. 1 and fig. S4) hairpin 1 (TMH1) and TMH2, which correspond to CH1 and CH2, respectively, in MACPF], are conserved between the two structures (rms deviation of 0.9 Å per atom over 59 Ca atoms). Only three conserved residues in MACPF (G209, G270, and G271) ( fig. S2 ) are also conserved in the CDC superfamily (equivalent residues in PFO: G274, G324, and G325) (19) , which explains why PSI-BLAST searches using the MACPF sequences do not identify members of the CDC family with significant expect scores. The N-and C-terminal regions that flank the conserved core, which in PFO correspond largely to the noncontiguous linker domain II, are substantially different. Rather than a single a helix (L helix), the linker in PFO is composed of a twisted b strand supported by an elongated b hairpin derived from the N terminus (Fig. 1B and fig. S4 ). Despite these differences, the similarity of a complex core fold, together with functional similarities (20) , suggests that MACPF domains and CDCs are homologous. We therefore propose that lytic MACPF proteins use a CDC-like mechanism of oligomerization and membrane insertion. CDC-producing Gram-positive pathogens cause mortality in humans. In addition to PFO, well-characterized CDCs include pneumolysin (Streptococcus pneumoniae) and streptolysin O (Streptococcus pyogenes) (21) . Like C9 and perforin, CDCs oligomerize, undergo conformational change, and insert into membranes to form doughnutshaped pores (22) . The molecular mechanism of pore formation of PFO and pneumolysin is well understood, involving~30 molecules assembling via the flat faces of the globular head into a pre-pore oligomer that binds the cell membrane via the base of the C-terminal immunoglobulin domain (19, (21) (22) (23) (24) . A conformational change results in the helical clusters TMH1 and TMH2 of each CDC unravelling to form two elongated amphipathic b hairpins that span the membrane ( fig. S5 ). This converts the pre-pore into a giant b-barrel-lined channel (19, (21) (22) (23) (24) . Although the amphipathic pattern of amino acids in TMH2 in PFO is imperfect ( fig. S6 ), fluorescence and electron microscopy data reveal that this region is nonetheless able to insert into membranes (24) . An analysis of the sequence of C9 and perforin also reveals an alternating pattern of hydrophobic and hydrophilic residues in CH1 and CH2, similar to that seen in TMH1 and TMH2 of CDCs and consistent with the ability to form an amphipathic membrane-spanning b hairpin ( Fig. 1 and fig. S6 ). Together with the structural similarity, these data suggest that, rather than using two amphipathic a helices as originally proposed (25), lytic MACPF proteins span membranes using amphipathic b strands derived from CH1 and CH2.
Like TMH1 and TMH2 in CDCs, the sequence of CH1 and CH2 represents the most variable region of the superfamily, providing an exception to the general rule that functional elements tend to be highly conserved (4, 19) . An analysis of the patterns of conservation in MACPF reveals that the MACPF signature motif Y/W-G-T/S-H-F/Y, originally proposed to form one of two predicted membranespanning a helices (25) , lies at the interface between CH1 and the body of the molecule (Figs. 2 and 3A and table S2 ). In CDCs, this region undergoes conformational change to allow TMH1 to unfurl (19, (22) (23) (24) . Another cluster of conserved residues centers on the sharp bend in the B sheet and includes four G residues (G209, G210, G270, and G271) that are >95% conserved in all MACPF proteins (Figs. 2 and 3B ). In CDCs, three of these G residues are conserved (G274, G324, and G325 in PFO) and function as a hinge that allows sheet straightening during "hole punching" (19, (22) (23) (24) . We suggest that these (table S2) . Three G residues (G209, G270, and G271) are also conserved in CDCs (red text). Two highly conserved clusters are circled, and the numbering is for Plu-MACPF. residues may permit a similar conformational change in the MACPF domain.
The structure of the MACPF domain gives us a better understanding of mutations in perforin that cause the rare immunological disorder familial hemophagocytic lymphohistiocytosis (FHL) (4) . In addition to missense mutations of highly conserved residues (Figs. 3 and 4 and table S2), several perforin mutations map to CH1 and CH2 or their surrounding pockets, consistent with a functional role for these regions (Figs. 3 and 4) . However, the most intriguing perforin variant identified to date is the A91V (Y92 in Plu-MACPF) polymorphism of perforin which occurs at a frequency of~3 to 17% and is linked to misfolding, decreased lytic activity, and predisposition to late onset hemophagocytic lymphohistiocytosis (4, (26) (27) (28) . This variant maps to the s2A/s1B loop and its interface with the F helix (Fig. 4) . Further, the dysfunctional variant V183G (168 in Plu-MACPF) maps to the F helix and is predicted to pack against A91 (Y92) (Fig. 4) . Thus, perturbations of the s2A/s1B-F helix interface may underpin the perforin A91V misfolding phenotype.
Previous studies have shown that C9/ MAC activity is controlled by host inhibitors such as CD59 that prevent unwanted cell lysis. Sequences on C9 and C8a that participate in CD59 binding (29, 30) map to CH2 (Fig. 4) . Thus, we suggest that CD59 may regulate MAC function by interfering with CH2.
The MACPF domain is commonly found to be associated with other N-and C-terminal modules ( fig. S1 ) that probably control or target MACPF function. For example, the Cterminal C2 domain of perforin mediates initial interactions with membranes (4), an analogous role to that of domain IV of the CDCs (19) .
Although Plu-MACPF appears to be nonlytic under the conditions tested, we cannot exclude the possibility that it requires a cofactor or specific receptor for function. On the other hand, certain MACPF proteins (e.g., C6, C7, C8b, and Astrotactin) do not lyse cells and instead perform other roles. We speculate that certain utilities of the MACPF fold, such as conformational flexibility and membrane insertion, may have been exploited for nonlytic purposes. Indeed, parallels can be drawn with the eukaryote B cell lymphoma 2 family of proteins that share a similar fold to bacterial colicin-like toxins but insert into membranes rather than lyse cells (31) .
This work implies that lytic members of the MACPF superfamily use a CDC-like mechanism for membrane penetration and pore formation. Our findings suggest that the fold of the CDCs, a family of proteins that causes tissue destruction in human diseases, is used by vertebrates for defense against bacterial and viral infection. (table S2) . The numbering is for perforin, and red text indicates a mutation of a conserved residue (table S2) . The positions of G149 and E261 in perforin are approximate, because these are insertions relative to Plu-MACPF. The position of the CD59 binding site in C9 and C8a is indicated by a black circle (30) .
